ABSTRACT The fine control of endpoint temperatures of the dome and exhaust gas is the key to improving the heat storage efficiency and capacity of the pebble stove combustion process. However, owing to nonlinearity, time delay, uncertain endpoint time, and strong coupling issues of the combustion process, it is difficult to achieve the desired dome and exhaust gas endpoint temperatures, simultaneously. Therefore, a two-stage (fast heating stage and heat storage stage) control system for the endpoint temperature is developed for the combustion process of the pebble stove. According to the heat transfer theory and the principle of conservation of heat, a transient heat transfer model between the flue gas and the regenerator is developed for the combustion process of the pebble stove. Based on the transient heat transfer model, prediction models of the dome and exhaust gas endpoint temperatures are obtained by a finite-difference method. Moreover, to solve the strong coupling between the dome temperature in the fast heating period and the exhaust gas temperature in the thermal storage period, a two-stage intelligent proportion-integralderivative decoupling control algorithm is developed based on a self-refreshing recurrent neural network to realize the decoupling control of the dome and exhaust gas endpoint temperatures. The performance of the developed system is demonstrated with simulation and industrial experiments. The results show that compared to the conventional control system, the developed system effectively shortens the adjusting time of the dome endpoint temperature by 13 min with a reduced temperature fluctuation from ±14 • C to ±4 • C and increases the exhaust gas endpoint temperature from 328.3 • C to 348.0 • C. The enhanced temperature control performance demonstrates the validity of the established system. 
I. INTRODUCTION
Hot blast stove, as one of the most important parts in modern blast furnace iron-making systems, provides a continuous, stable, and high-temperature blast for blast furnace ironmaking [1] . A reasonable combustion regime plays a key role in increasing the hot blast temperature and reducing both coke rate and gas consumption [2] , [3] . According to the shape and materials of the regenerator carrier, hot blast stoves are divided into two types: checker brick stove and pebble stove [4] . A typical pebble stove in an iron-making plant is shown in Fig. 1 . The pebble stove is divided into four parts: dome, combustion chamber, regenerator, and flue along the radial direction. There are mainly two working processes in the pebble stove, i.e., the combustion process and on-blast process. During the combustion process as shown in Fig. 1(a) , the mixed blast furnace gas and air in the dome will be charged to the combustion chamber; they are burned to produce high-temperature flue gas. Then, the gas is forced to flow from top to bottom via the regenerator and heats the regenerator balls by an induced draft fan. In the on-blast process, as shown in Fig. 1(b) , the cold blast flows from bottom to top via the regenerator, absorbing the stored heat and turning into a high-temperature blast, which is charged into the blast furnace. To provide a continuous and stable hot blast, a blast furnace is often equipped with three or four hot blast stoves for cross-parallel blast supply.
The combustion process can be divided into two stages: the fast heating stage and heat storage stage. Vault temperature and exhaust gas temperature are the two key indicators for reflecting the combustion conditions. Dome temperature is the regenerator temperature in the top of the regenerator chamber. If the dome temperature is extremely high, the walls of the pebble stove will be damaged, and this could lead to accidents. On the other hand, if the dome temperature is extremely low, the heat exchange ability between the flue gas and regenerator is also low; this will reduce the heat storage capacity of the regenerator and shorten the blast supply time. The exhaust gas temperature is the temperature of the fume at the bottom of the regenerator (i.e., flue). If the exhaust gas temperature is extremely high, the stove grate at the bottom of the regenerator chamber will be damaged. In contrast, if the exhaust gas temperature is extremely low, the heat storage capacity of the regenerator is not saturated and cannot meet the required blast supply temperature and time for the blast furnace. Therefore, making the dome endpoint temperature reach the set value rapidly during the fast heating stage and become stable in the heat storage stage, and ensuring that the endpoint temperature of exhaust gas reach the set value during the heat storage stage within the specified time threshold are the keys to promoting the heat storage efficiency and capacity of the regenerator in the pebble stove. Most of pebble stoves use manual adjustment to regulate the gas flow and airflow to control the dome temperature and exhaust temperature. However, owing to the extremely complex mechanisms of heat transfer in the combustion process and the nonlinearity, time delay, uncertain endpoint time, and strong coupling characteristics of the combustion system [5] , the operator's adjustment is always erroneous or untimely.
This will cause large fluctuations in the dome temperature or undesired exhaust gas temperatures, leading to highenergy consumption in the combustion process. Hence, it is essential to develop an efficient control method for dome temperature and exhaust gas temperature during the combustion process of pebble stove. This is very important for energy saving and reducing gas consumption. The currently used control methods in the combustion process of pebble stove can be divided into two fundamental categories: intelligent methods based on data, and mathematical modeling methods based on heat conservation of the entire stove. Intelligent methods include neural networks [6] - [9] , fuzzy control [10] - [12] , and expert systems [13] , [14] . For neural network-based control methods, a nonlinear relationship model is established by taking the dome temperature and exhaust gas temperature as input variables, and air-fuel ratio as the output variable. However, the solution to the model parameters can easily fall into a local optimum. This will result in deviation of the calculated air-fuel ratio value, which will be further magnified owing to the randomness of the combustion process. Fuzzy control methods generally control the combustion process of the hot blast furnace by setting reasonable fuzzy rules. The methods, which choose the heating rates of dome temperature and exhaust temperature as fuzzy inputs and gas flow as outputs, regulate gas flow according to variations in heating rates. However, these methods make fuzzification only for heating rates, and the information is simpler. Because the variation in dome temperature is influenced by the fluctuation of gas components, the fuzzy-based control methods may result in inaccurate control variables. An expert system is a method that obtains different regulations corresponding to different stove conditions by summarizing and reasoning according to previous control experiences. However, it is difficult to match regulating methods that are applicable to current combustion conditions because the conditions of the combustion process in a pebble stove are changing. In [15] and [16] , mathematical models of heat balance of the entire stove were established based on the heat analysis in the pebble stove by computing the energy inputs and outputs in the combustion process to determine the appropriate total volume of gas in the combustion process. Nevertheless, these models lack a precise spatio-temporal distribution of regenerator temperature and mathematical models for computing storage heat in the regenerator. They fail to provide the optimum and real-time gas flow values of pebble stove in different combustion times.
Considering the current control issues of the combustion process in pebble stoves, this study contributes to propose a two-stage control method of endpoint temperature for pebble stove combustion. First, based on the heat transfer theory, a model of transient heat transfer between the flue gas and regenerator is developed for the combustion process. The prediction models for the dome and exhaust gas endpoint temperatures are obtained by a finite difference method. Then, by combining the predicted endpoint temperature values with the measured dome temperature, exhaust gas temperature, airflow, and gas flow, self-refreshing recurrent neural network (RNN) models in the fast heating stage and heat storage stage of the combustion process are built to tune the PID parameters. Finally, a two-stage control strategy is proposed to realize the switch control of the RNN models and achieve a high-precision temperature control of pebble stove combustion. This two-stage temperature control method is verified through simulation and an industrial application. The results show a shortened dome temperature adjustment time, reduced fluctuation during the heat storage period, and a vast improvement in the heat storage capacity of the hot stove.
The remaining parts of this paper are organized as follows. Section 2 describes the two-stage control method of endpoint temperature for pebble stove combustion. In Section 3, a temperature prediction model is established to obtain the dome and exhaust gas temperatures. Then, in Section 4, a two-stage control method of endpoint temperature for pebble stove combustion is introduced, and a new self-refreshing RNN is proposed to realize the self-tuning of the PID parameters. The simulation and industrial experiment results are presented in Section 5, and Section 6 presents the conclusion.
II. STRUCTURE OF TWO-STAGE CONTROL STRATEGY
The two-stage control strategy switches two self-refreshing RNN models by judging whether the dome temperature is stable. If the dome temperature does not reach the set value, then it is in the fast heating stage and RNN is used to realize online auto-tuning of PID parameters. If the dome temperature reaches and fluctuates around the set value, then it is in the heat storage stage and RNN is used to realize online auto-tuning of PID parameters. The structure of the proposed two-stage control strategy is depicted in Fig. 2 to identify the PID parameters of two combustion stages and auto-tune the required Jacobian information. TDL1 and TDL2 are two delay lines, which are used to make corresponding delays to current sampled signals. r d (j) and r w (j) represent the set values of dome endpoint temperature and exhaust endpoint temperature, respectively. T d (j) and T w (j) represent the measured values of dome endpoint temperature and exhaust endpoint temperature, respectively. T fd (j) and T fw (j) denote the dome and exhaust endpoint temperatures, respectively, computed using the endpoint temperature prediction models. e 1 (j) represents the error between the set value and prediction value of the dome endpoint temperature. e 2 (j) denotes the error between the set value and prediction value of the exhaust endpoint temperature. η (j),ṁ g (j), anḋ m a (j) represent the air-fuel ratio value, gas mass flow rate, and air mass flow rate, respectively.
III. TRANSIENT HEAT TRANSFER MODEL
In the combustion process of the pebble stove, the heat exchange between the high-temperature flue gas generated by gas combustion and pebbles mainly includes heat convection and heat radiation. However, the heat loss in the movement of flue gas, heat dissipation of the stove wall, and the heat conduction among regenerator balls are much less than the heat flux of heat convection and heat radiation; thus, it can be neglected. Owing to the random stack of regenerator balls in the regenerator chamber, the flow and heat transfer processes of flue gas are thus complicated. Hence, the heat transfer space in the regenerator chamber can be assumed as n consecutive cylindrical infinitesimals in the vertical direction, whose heights are x [17] , [18] . As shown in Fig. 3 , R = 4.95 m (radius of regenerator chamber) and L = 9 m (height of regenerator chamber). The abrasion of regenerator balls in the combustion process is neglected and it is assumed that the regenerator ball temperature in the same infinitesimal is uniform. Both the heat convection and heat radiation between the flue gas and regenerator balls are considered according to the conservation law of heat. It can be obtained that in unit time, the decreased heat of flue gas in the infinitesimals is equal to the released heat and the increased heat in the FIGURE 3. Heat transfer process. VOLUME 7, 2019 regenerator balls is equal to its absorbed heat, which can be described asQ
whereQ f andQ s are the heat fluxes released by the flue gas and absorbed by regenerator balls in one infinitesimal in unit time, respectively.Q conv is the convection heat flux between flue gas and regenerator balls, andQ rad is the radiation heat flux that the flue gas radiates to the regenerator balls.
As for the infinitesimals located at the x axis of the heat transfer space in the regenerator chamber, the temperature difference of the flue gas flowing in and out of the infinitesimals at combustion time t is the temperature variation during the exothermic process of flue gas. Hence, the heat released by flue gas is defined aṡ
whereṁ f and c f are the mass flow and specific heat capacity of flue gas, respectively, and T f is the flue gas temperature. According to the specific heat capacity equation, the heat absorbed by the regenerator balls in one infinitesimal in unit time is described byQ
where
x is the volume of regenerator balls in one infinitesimal, µ = 0.36 is the porosity of the regenerator chamber, ρ s = 2645 kg/m 3 is the density of regenerator balls, c s = 960 J/(kg · K) is the specific heat capacity of regenerator balls, and T s is the temperature of regenerator balls. Based on (1) to (4), the transient heat transfer model between flue gas and regenerator ball can be obtained as
The initial and boundary conditions of this model are
where T f 0 and T s0 are the initial temperatures of flue gas and regenerator balls at each location, respectively, which are acquired by the iterative computation of dome and exhaust gas temperatures detected in previous on-blast stage, and T fin is the flue gas temperature at the entrance of regenerator chamber. The blast furnace gas is mainly composed of CO, CO 2 , N 2 , and H 2 . The volume fraction and flow of each gas composition can be detected in real time and online. The variation trend of volume fraction of each gas composition in one iron-making plant, which is measured in one day, is as shown in Fig. 4 . As illustrated, owing to the large inertia feature of the blast furnace and the pebble stove system, the volume fraction of each gas composition will not fluctuate severely in the adjacent combustion cycle of pebble stove. Thus, the average value of each gas composition in the previous combustion cycle is used as the approximation of each gas composition in the current combustion cycle. Because the gases in the stove are compressible, the volume fraction of each gas composition can be converted to mass fraction, as indicated in (8):
where z = 1, 2, 3, 4 denotes CO, CO 2 , N 2 , and H 2 in the gas of blast furnace, respectively, m z is the mass fraction of composition z, and M z and V z are the molar mass and volume fraction of composition z, respectively. The volume and mass fraction of each gas composition in the blast furnace are listed in Table 1 . The mass flow of blast furnace gas (i.e.,ṁ g ) is computed byṁ
where K = 8.31J/(mol · K) is the ideal gas constant, P is the gas pressure, and T is the gas temperature. Both the pressure and temperature of gas can be detected in real time.V z is the volume flow of composition z in the gas of the blast furnace.
In the combustion chamber of the pebble stove, the flue gas, which is generated by the combustion of blast furnace gas with combustion-supporting air, is mainly composed of CO 2 , N 2 , H 2 O, and O 2 . The reaction equations are as follows:
Based on (8) to (11), when the gas is completely burned, the ratio of air mass flow to gas mass flow is
However, the air-fuel ratio η in the actual combustion process is larger than η 0 . The flue gas mass and the mass fraction of each composition after combustion in the blast furnace gas are respectively described bẏ
where z = 1, 2, 3, 4 represents CO 2 , N 2 , H 2 O, and O 2 in the flue gas, respectively,
and m z is the mass fraction of gas composition z . From the mass fraction of each composition, the specific heat capacity and thermal conductivity of flue gas can be obtained by
where c z and λ z are the specific heat capacity and thermal conductivity of composition z of flue gas, respectively, and λ f is the thermal conductivity of flue gas. According to [19] and [20] , the temperature variations of the specific heat capacity (i.e., c z in (15)) and thermal conductivity (i.e., λ z in (16)) of each gas composition are expressed by
Matrices A and B are the specific heat capacity matrix and thermal conductivity matrix of each composition (CO 2 , N 2 , H 2 O, and O 2 ) in flue gas, respectively, which are given as follows: Hence, the flue gas temperature after gas combustion in the blast furnace is
. According to Newton's cooling formula, the heat flux of convection heat transferQ conv between flue gas and regenerator balls in an infinitesimal iṡ
2r is the convective heat transfer coefficient between flue gas and regenerator balls, A =
x is the heat exchange area between flue gas and regenerator balls in an infinitesimal, r = 0.025 m is the radius of a regenerator ball, and Nu = 2.0 is the Nusselt number.
The heat radiation from flue gas to regenerator balls is mainly influenced by CO 2 and H 2 O in the flue gas; thus, the flue gas can be considered as a gray body. According to the Stefan-Boltzmann law, the radiant heat fluxQ rad from flue gas to regenerator balls in an infinitesimal iṡ
where σ = 5.67 × 10 −8 W/(m 2 ·K 4 ).is the thermal radiation constant, ε s = 0.45 is the radiation emissivity of regenerator balls, α f = 0.23 is the radiation absorptivity of flue gas, and ε f = 0.16 is the radiation emissivity of flue gas.
The height of the regenerator chamber in Fig. 1 is 9 m, which is much larger than the diameter of the regenerator balls (0.05 m); therefore, the finite difference method is employed for the iterative solution to the transient heat transfer model of regenerator chamber in the pebble stove. The computational domain of the entire regenerator chamber is divided into un-overlapped time and spatial subdomains. Combining with (13)- (22), (5) and (6) of the transient heat transfer model are discretized as
where (23) and (24) are the spatio-temporal distributions of flue gas temperature and regenerator temperature in regenerator chamber, respectively, i represents the location of the heat transfer infinitesimal in regenerator chamber, j is the combustion time of pebble stove, T f (i + 1, j) is the flue gas temperature at time iteration step j and spatial iteration step i + 1, T s (i, j) is the regenerator temperature at time iteration step j and spatial iteration step i, and t is the step size of each time iteration step. The flowchart of the simulation procedure of the heat transfer model is as shown in Fig. 5 and the specific steps are described as follows: Step 1: Set the initial values of the flue gas T f 0 = 480 • C and regenerator balls T s0 = 300 • C in the regenerator chamber, and the initial location of the heat transfer infinitesimal i = 0, combustion time j = 0, infinitesimal height x = 0.1, and step size t = 1.
Step 2: Using (23) and (24), calculate the temperatures of the flue gas and regenerator ball at location i and time j.
Step 3: Evaluate if the location variable i has reached the maximum value. If it has, proceed to Step 4; else, go back to Step 2.
Step 4:
Step 5: According to the onsite furnace condition and the combustion time, assess whether the combustion has stopped. If it has, the simulation is terminated; else, return to Step 2.
With the above simulation procedure, the temperatures of the flue gas and regenerator balls can be obtained. The developed transient heat transfer model predicts the temperature distribution of the regenerator and flue gas, which provides reliable information for the temperature control of pebble stove when regulating methods are lacking.
IV. TWO-STAGE CONTROL OF ENDPOINT TEMPERATURE
Dome endpoint temperature is the temperature of the regenerator at the top of regenerator chamber during the endpoint of fast heating stage. Exhaust endpoint temperature is the temperature of the regenerator at the bottom of the regenerator chamber during the endpoint of heat storage stage. Dome and exhaust endpoint temperatures are the key parameters for evaluating whether the heat storage capacity of the combustion process meets the blast supply requirements and whether the gas consumption is reasonable. The goals of the combustion process of pebble stove are to make the dome temperature rapidly reach the set value and become stable, and ensure that the exhaust gas temperature reaches the set value at the combustion endpoint. Because of time delay in the combustion process of pebble stove (approximately 3 min), the measured dome and exhaust gas temperatures cannot be used for real-time feedback. Hence, prediction models of the dome and exhaust gas endpoint temperatures, which are based on the developed transient heat transfer model, are established to obtain endpoint temperatures in real time. Moreover, the dome temperature and exhaust gas temperature are both influenced by the air-fuel ratio and gas flow, which cause strong coupling between the inputs and outputs. Therefore, an intelligent two-stage PID decoupling method based on a self-refreshing RNN is proposed for temperature decoupling.
A. PREDICTION MODEL OF ENDPOINT TEMPERATURE
To develop the prediction model of endpoint temperature, the radiation terms in (23) and (24) are linearized by
where ξ 1 , ξ 2 , ζ 1 , and ζ 2 are coefficients of linearization. Thus, (23) and (24) can be simplified as
Owing to the inconsistency of initial states in each combustion cycle and fluctuation of the combustion process, the time that the dome temperature reaches the endpoint temperature is uncertain. However, in the actual industrial field, the dome temperature needs to be regulated to the set value rapidly. Hence, the dome temperature at the next moment of the combustion process is employed as the dome temperature that needs to be predicted. According to (27), the prediction model of dome endpoint temperature is
The combustion cycle of the pebble stove (i.e., the endpoint of heat storage stage) is determined. It must be ensured that the exhaust gas temperature reaches the set value within the regulated combustion time. Thus, the exhaust endpoint temperature is the exhaust temperature at the endpoint of the combustion process.
The prediction model of exhaust endpoint temperature is written as
where T fd (j) is the model predicted dome temperature when the endpoint of fast heating stage is j, T fw (j) is the model predicted exhaust gas temperature at the start point of the combustion time j, and τ is a constant, which denotes the total time of combustion.
B. SELF-REFRESHING RNN IDENTIFIER
There exists a coupling effect between the dome temperature and exhaust gas temperature in the pebble stove, and temperature variation is a process accumulated in time. Hence, an RNN is adopted to identify the PID parameters. As shown in Fig. 2 , the PID parameters are identified online by training four RNNs. The influence of coupling between the dome and exhaust gas temperatures is also considered in each input of the RNNs. Historical combustion data are employed for offline training of the RNNs; however, the model accuracy will be influenced by real-time working conditions. Therefore, the temperature data computed by the prediction models of endpoint temperatures will be compared with those of the RNN model. If the deviation is larger than 5%, the RNN needs to be retrained. The self-refreshing RNN comprises three neural networks with one hidden layer, and a sigmoid function is used as the activation function of hidden layer, as shown in Fig. 6 . For this network, the output of the hidden layer node is
is the weight that connects the ith node of input layer and the kth node of output layer, and w k k is the weight that connects the k th node of hidden layer and the kth node of hidden layer. Thus, the output of the network is
where v k is the weight that connects the kth node of the hidden layer and output layer, and y t is the output of the network. The learning goal of the above networks is to minimize the output error, which can be denoted as
According to the gradient descent method, the iterative algorithm for each weight is 
C. TWO-STAGE INTELLIGENT PID DECOUPLING CONTROL ALGORITHM
The discrete system model of pebble stove, which have two inputs and two outputs, is
where u 1 (j) = η (j) and u 2 (j) =ṁ g (j) are the inputs of pebble stove system, y 1 (j) = T d (j) and y 2 (j) = T w (j) are the outputs of pebble stove system, f 1 (·) , f 2 (·) are nonlinear functions, and n 1 , n 2 , n 3 are delay steps. The inputs of the control system in pebble stove are
The increment PID controller is employed in this study [21] - [24] . The reference outputs of the controller are the set values of the dome endpoint temperature in the fast heating stage and exhaust gas endpoint temperature in the heat storage stage. The errors of the control system are denoted as
The algorithm of PID control is represented as
Hence, the outputs of PID controller are
The control objective functions are
Based on the dome and exhaust endpoint temperature models, the proportional coefficient k P , integral coefficient k I , and differential coefficient k D are self-tuned by the steepest descent method and are expressed as follows:
where ω Pi , ω Ii , and ω Di (i = 1, 2) represent the learning rates of three PID parameters, and
∂T fd ∂η and
∂T fw ∂ṁ g are identified through the three-layer RNN:
where the inputs and outputs of RNN 1 and RNN 1 are x 1 and y fd , and the inputs and outputs of RNN 2 and RNN 2 are x 2 and y fw . There are 7 input nodes, 7 hidden layer nodes, and 1 output node for each of these 4 RNNs. The RNNs, which are used to identify the PID parameters of the fast heating stage and heat storage stage in the combustion process, need to be switched by judging whether the dome temperature reaches the threshold of the set value. The judging condition is as follows:
where n is the delay step, and θ is the threshold of dome temperature. If the current dome temperature meets the above requirement, it reaches the endpoint of fast heating stage, switching the RNN identifier. The flowchart of the two-stage intelligent PID decoupling control algorithm is illustrated in Fig. 7 . The detailed solution steps are as follows:
Step 1: Set the initial values of k P , k I , k D , η,ṁ g , and ω P , ω I , and ω D . The initial iteration value of combustion time is j = 1 and identifiers of RNN 1 and RNN 2 are used.
Step 2: Compute the errors of the dome endpoint temperature e 1 (j) and exhaust gas temperature e 2 (j) by (41). Using (44), calculate x e1 (1), x e2 (1), x e1 (2), x e2 (2), x e1 (3) , and x e2 (3).
Step 3: Compute the Jacobian information ∂T fd ∂η and ∂T fw ∂ṁ g required for PID parameter identification.
Step 4: Update the value of k P1 , k I 1 , and k D1 through (46), update the air-fuel ratio η through (43), update the value of k P2 , k I 2 , and k D2 through (47), and update gas flowṁ g through (43).
Step 5: Evaluate if the current time is the endpoint of the fast heating stage. If it is, then switch the identifier to RNN 1 and RNN 2 .
Step 6: Let j = j + 1; assess if it meets the termination condition. If it does, stop computing; else, return to Step 2.
Based on the above steps, two-stage temperature control can be achieved. Note that the control object of this study is a pebble stove of an industrial process, which is a typical energy-consuming device; thus, the object itself is asymptotically stable from an engineering viewpoint. Moreover, the controller used in this study is a PID controller. If the stability of the controller parameters can be ensured, the developed control system is generally stable from an engineering viewpoint. From the tuning curves of the PID parameters in Fig. (13) , it can be observed that the proposed control method has better convergence of controller parameters. Therefore, the developed control system of the pebble stove is stable, and the data of the industrial operation, as shown in Fig. 15 in Part C, Section V, can also validate the stability of the temperature control system.
V. CASE VERIFICATION AND DISCUSSION
The industrial data are sampled from a pebble stove of a 2650 m 3 blast furnace in an iron-making plant. The automatic essential equipment and the monitoring platform in the industrial field are used to verify and analyze the case. The computing environment is a computer with 16 GB RAM. The field detection data are used to verify the accuracy of the developed transient heat transfer model between flue gas and regenerator. Moreover, the dome and exhaust temperatures without control are compared with the dome and exhaust temperatures with control to determine the effects of the designed controller.
A. ERROR ANALYSIS OF EXPERIMENTAL MEASUREMENT
To ensure the validity of experimental data, it is necessary to conduct accuracy and error analyses for the dome temperature measurement in the pebble stove using an infrared thermometer. Therefore, thermocouple thermometers are installed in the pebble stove for temperature measurement in a short period (usually, a thermocouple thermometer has a service life of less than 24 h in a pebble stove owing to the high temperature). Then, the temperature data measured by the thermocouples and infrared thermometer during 10 combustion cycles were synchronously collected, and by obtaining the average values of the temperature measured by the two devices at different times during the combustion time from 0 to 120 min, the average temperature curves of the dome temperature measured by the two devices can be plotted. In this way, the temperature measurement error of the infrared thermometer can be qualitatively and quantitatively analyzed, wherein the thermocouple measurement value is considered to be the true value of the dome temperature. The temperature curves of the two devices are shown in Fig. 8 .
From a qualitative viewpoint of the figures, the infrared thermometer has slightly large fluctuations owing to its different temperature measurement principle; therefore, it has a weaker measurement stability compared with thermocouples, but the trend of the measurement results of the infrared thermometer is in good agreement with that of the thermocouples. From the quantitative point of view, compared to the measurement data of the thermocouples, most of the temperature measurement error of the infrared thermometer is in the range of 2 • C, and the average absolute error is 1.43 • C. It can also be observed from Fig. 8(c) that the measurement result of the infrared thermometer fluctuates randomly around the thermocouple measurement value; these fluctuations can be regarded as random errors caused by different measurement principles and techniques of the two devices in the sensor field. Based on the error analysis of the infrared measurement data, it can be considered that the measurement data of the infrared thermometer have high accuracy and reliability.
B. VALIDATION RESULTS OF HEAT TRANSFER MODEL
Under normal working conditions, the combustion time of the pebble stove is 2 h and the data sampling interval is 30 s. Thus, the solution time of transient heat transfer is set as 2 h and the time iteration step is set as 30 s. Considering the radius of regenerator balls, the spatial iteration step is set as 0.05 m. Fig. 7 shows the spatio-temporal distributions of the flue gas and regenerator, which are computed by the transient heat transfer model.
As indicated in Fig. 9(a) , the temperature of flue gas at the top of regenerator chamber is the highest. With the exchange of heat, the temperature of flue gas gradually decreases from the top to the bottom of the regenerator chamber. The temperature of flue gas at the bottom of the regenerator chamber is the lowest, and the temperature of flue gas at each position gradually increases as the combustion time increases. Fig. 9(b) shows that the temperature of hot pebble at each position gradually increases as the combustion process continues. The regenerator temperature at the top of regenerator chamber increases rapidly during the fast heating stage, and gradually stabilizes in the heat storage stage. However, the temperature of regenerator balls at the bottom of regenerator chamber changes slowly in the fast heating stage, and the increase rate of temperature in the heat storage stage gradually becomes larger. Hence, the model can reflect the dynamic heat exchange process between flue gas and regenerator in the stove when it is combusting.
To validate the accuracy of the transient heat transfer model, the real-time dome and exhaust temperatures of a pebble stove detected in the industrial field under normal working conditions are compared with the temperatures computed by the established model. As shown in Fig. 10(a) , the calculated dome temperature is consistent with the measured temperature. From the variation trend, the computed dome temperature increases rapidly in the fast heating stage and fluctuates near 1340 • C in the heat storage stage, which is consistent with the variation characteristics of the measured dome temperature. Fig. 10(b) shows that the computed exhaust gas temperature is accurate and complies with the characteristic that the exhaust gas temperature increases slowly in the fast heating stage and changes quickly in the heat storage stage. From Fig. 11 , it is observed that the absolute error of the dome temperature computed by the model is approximately within ±13 • C, and the average relative error is 0.6%. The absolute error of the exhaust gas temperature computed by the model is within ±3 • C, and the average relative error is 0.47%. The above simulation results demonstrate that the developed transient heat transfer model has high accuracy and is reliable. . 12 shows the actual operating curves of gas and airflow. From Fig. 12 , we can observe that the dome temperature reaches the set value rapidly when high gas and air flows are provided during the fast heating stage. Meanwhile, the exhaust gas temperature reaches the set value in the endpoint of combustion through continuously regulating gas and air flows during the heat storage stage. This is because the PID control algorithm is adopted, and the key parameters k P , k I , and k D of the controller will be optimized and tuned during running of the algorithm. If the change in each controller gain cannot be gradually stabilized, the control system will not be stable, and the control effect will deteriorate drastically, increasing the risk of damaging the pebble stove. Therefore, to verify the stability of the proposed temperature control system, the changes in each controller gain are provided as shown in Fig. 13 . It shows the online self-tuning process of PID 1 and PID 2 parameters. As indicated, as the combustion time increases, the parameters of PID 1 and PID 2 tend to be stable. At the combustion time of 42 min, there is a brief fluctuation in PID parameters because of exploiting different RNNs to tune the PID parameters in fast heating stage and heat storage stage. Then, the parameters (k P1 , k I 1 , and k D1 ) of PID 1 gradually become stable and the stabilized values are 0.029, 0.004, and 0.010, respectively. The parameters (k P2 , k I 2 , and k D2 ) of PID 2 behaved similarly, and the stabilized values are 0.024, 0.007, and 0.005, respectively. It can be observed from the figure that all the gain curves of the two controllers tend to be straight after the 60 min combustion time; hence, the controller gains of the proposed control method have good convergence.
The control realization of the hot blast furnace aims to adjust the air-fuel ratio by adjusting the valve opening of the air and gas. Therefore, the control signal curves using the manual adjustment and the proposed algorithm are provided and shown in Fig. 14. Owing to the constraints of the hot air process, regardless of manual adjustment or algorithm adjustment, the valve opening of air and gas should not be lower than 70% and should not be higher than 95%. If it exceeds this range, the dome temperature would be extremely high or extremely low, damaging the equipment and reducing the service life of the hot stove. As can be observed from Fig. 14(b) , the valve opening adjusted by the proposed algorithm is always within the normal range, whereas the manually adjusted valve opening is often lower than 70% or even approximately 65%, which causes a lower blast temperature and shortened blast supply time for the hot blast furnace. It can also be observed from Fig. 14(a) that during manual adjustment, the valve opening is usually adjusted to the maximum or minimum, which causes large fluctuations of the airfuel ratio, thereby increasing the energy consumption of the pebble stove and making the blast supply time fail to reach the standard. However, the valve opening adjustment of the proposed algorithm in this study has better continuity and very few jumps. In addition, when the combustion time is more than 20 min, the ratio of opening degrees of the air and gas valves is relatively stable and fluctuates slightly around a certain value. This indicates that the proposed algorithm has better continuity and stability in the regulation of the air-fuel ratio of the pebble stove than the manual adjustment.
To verify the performance of the proposed control strategy, its control effect and some control performance indices are compared with those of manual control and conventional PID control. The control effect curves of the three different control methods on the dome and exhaust gas temperatures are plotted, as shown in Fig. 15 . They are used to further demonstrate the superiority of the proposed method in terms of the control performance indices such as maximum overshoot, adjustment time, and steady-state error.
As can be observed from Fig. 15(a) , for the control effect of the dome temperature, first, the maximum overshoot of the proposed method is 0.59%, the conventional PID method reaches 1.05%, and the manual adjustment exceeds 1.33%. The larger the dome temperature overshoot, the higher the temperature that the pebble stove bears, which causes a shorter equipment service life and higher fault rate. Therefore, because the proposed method has a small overshoot, it has obvious advantages of extending the service life of the pebble stove and reducing the fault rate. Second, the adjustment time required for the proposed method is only 42 min, the conventional PID method requires 50.22 min, and the manual method takes up to 55 min. The longer the adjustment time needed for the dome temperature to reach the required temperature, the greater the energy required. Thus, the proposed control method is more energy-efficient compared to the other two control methods. Third, the steadystate temperature error of the proposed method is 3.64 • C lower than the set value, while that of the conventional PID method is 4.85 • C and that of the manual method significantly exceeds 13.48 • C. The closer the dome temperature to the set temperature, the longer the blast supplied. Hence, the proposed control method has a longer blast supply time and better stability of blast temperature. From Fig. 15(b) , for the control effect of the exhaust gas temperature, at the end of the combustion time (at 120 min), the exhaust gas temperature of the proposed control method reaches 348 • C, which is only 2 • C from the predetermined exhaust gas temperature of 350 • C. In contrast, that of the conventional PID control method is 10.98 • C and that of the manual method reaches 21.7 • C. A small temperature difference means a greater heat storage capacity of regenerator balls, which provides a longer blast supply time, better blast supply stability, and lower energy consumption. Therefore, the comparison of the three different control methods indicates that the proposed one has significant advantages in reducing energy consumption, increasing the blast supply time, prolonging the service life of the pebble stove, and reducing the equipment fault rate. The comparison of the control performance of the three methods is presented in Table 2 . It can be observed that, compared to the other methods, the average regenerator temperature of the proposed control method can be increased by at least 4 • C, and the heat storage is also improved by at least 3.5%. To make a more quantitative performance comparison, the statistical metrics of 1000 combustion periods are presented in Table 3 . The data indicate that the proposed method has superior control performance.
VI. CONCLUSION
Based on the analysis of technical characteristics of the pebble stove, a transient heat transfer model of the combustion process is established according to the heat transfer theory and the principle of heat conservation. The model is solved by the finite difference method. To precisely control the dome exhaust temperature in the combustion process of a pebble stove, a two-stage intelligent decoupling control method for endpoint temperature in the combustion process of a pebble stove is proposed. Compared to the conventional manual regulation method, the tuning time of the dome temperature is reduced by 13.0 min, the dome temperature fluctuation is decreased from ±14 • C to ±4 • C, and the exhaust gas endpoint temperature is increased from 328.3 • C to 348.0 • C.
Industrial experiment results show that the proposed method significantly shortens the regulating time of dome temperature and reduces fluctuations in the heat storage stage. The two-stage decoupling control realizes precise control of exhaust gas endpoint temperature with a great increase in heat storage capacity. The developed two-stage temperature control system of the ball-type pebble stove realizes better temperature control of dome and exhaust gas temperatures; however, the wear and tear of the regenerator balls during the combustion process are neglected in this study. Therefore, to further increase the model precision, future works should consider this abrasion loss effect during model establishment. In addition, the characteristics of the furnace of the pebble stove under various working conditions should be extracted and analyzed to improve the anti-interference ability of the temperature control system. 
